INTRODUCTION
Eddy-current imaging has been described in detail in previous publications [1, 2, 3] . As with other imaging systems, the image of an object represents blurring of the structures of the object by the system point spread function (PSF). Differing from other imaging systems, the PSF is very large and causes great spatial blurring of the object. This is because the eddy-current probe is a coil; its active area is much greater than the size of a beam of light, sound, or x-rays.
The eddy-current system response is non-linear; however, in this paper a linear approximation is used. This can be justified for two reasons. (i) The response to small slots or flaws can be closely approximated by a linear PSF; small flaws are of the greatest interest because large flaws are easily detected. (ii) Two important uses of an estimate of the PSF are for matchedfiltering and for deconvolution; these are both linear techniques, and thus require a linear PSF estimate. There are limitations to the use of a linear approximation: the response to large slots becomes highly non-linear, and thus this model is less useful for this case.
Previous work [1] has used images of a small circular hole to demonstrate the poor spatial resolution of eddy-current probes compared with the size of defect they are being used to detect. The probe "footprint" evident in such images was used to estimate the probe active area and to approximate the 2-D probe-system PSF, or impulse response. Because a large PSF complicates the process of defect characterization, deconvolution techniques using the image PSF have previously been applied [2] to reduce effects of probe blurring. Success of such processing depends on in-depth understanding of the imaging system response and on whatever simplifying approximations can be made. This paper presents and evaluates three methods of estimating the PSF: (i) directly from a single image of a small hole, (ii) as an image created by analytic modeling of images of a small hole, and (iii) by a frequency domain approach using several images taken of slots of known sizes to create a least-mean-squared PSF. Finally the analytic and the LMS PSF estimates were each used as the kernel for a matched filter designed for defect detection. Figure 1 shows an eddy-current image of a small hole and its corresponding surface plot. These demonstrate how the imaging system blurs and degrades the image of a hole. The actual position of the hole is at the center of the image and its diameter is approximately 15% of the diameter of the toroid in the image. Because there is an inactive region in the center of the coil's response, there is no signal present where the hole actually exists. Through the imaging process, the hole has been distorted into the toroid shape by the large active area of the coil.
SMALL HOLE IMAGE ESTIMATE OF THE POINT SPREAD FUNCTION
Though the large response is useful for defect detection, it hampers the ability to characterize defects with respect to geometry. However, if the system impulse response can be accurately modeled, it may be used to deconvolve the underlying signal from the blurred image. An image of a hole that is small compared to the active area of the probe may then be used as a reasonable approximation of the system PSF. Such images are similar for probes of the same type but may differ greatly for probes using different coil designs. This is demonstrated by Figure 2 , which shows typical images and surface plots that resulted from scanning a small hole using single (to the left) and double (to the right) coil configurations.
The image and the surface plot provide reasonable approximations of the active area of a probe and of the uniformity of its response. However, as is demonstrated by the image in Figure 1 , the response may be distorted and may not accurately represent a general PSF for the particular probe type. A second method was implemented to provide a noise-and distortion-free image PSF estimate by analytic modeling of the shape of the response.
Figure2.
Small hole image and surface plot using absolute and split-core-differential probes. 
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Amplitude profiles through center of in-phase and quadrature eddy-current images, and phase-rotated profile plot of the complex profile.
ANALYTIC MODEL OF THE POINT SPREAD FUNCTION
Because of the simple geometry, the circularly-symmetric small hole image created with an absolute probe was selected for modeling. The shape of the response was determined from a profile of the data points along a line through the center of the toroidal image. However, the eddycurrent response is a complex quantity and contains both magnitude and phase information. Two images, an in-phase and a quadrature image, are created when a specimen is scanned. Figure 3 shows the amplitude profiles along the center rows of the two image components from the scan of a 10-mil diameter hole. The lower plot is the phase-rotated profile through this image, which shows the complex signature of the profile. Since each point in the image is represented by a complex value, a profile through the image is a complex-valued vector. This vector can be visualized as a bent coat hanger; viewed from above, the in-phase component is seen and viewed from the side, the quadrature component is visible. The "coat hanger" can be rotated to achieve arbitrary views of the complex signature it represents. The lower plot shows thirteen views of the profile, rotated in increments of 15°, starting from the rotation which maximizes the signal. The fourth and tenth traces from the top correspond to the respective in-phase and quadrature components at the phase-angle in the images above. The top-most trace corresponds to a rotation of -53°, which was found to maximize the signal.
The maximum amplitude profile was selected for modeling the PSF. A raised-cosine function was matched to the profile and was used to create the analytic PSF image. A comparison of the image using a 10-mil diameter hole and an analytically-created PSF shows the only apparent difference in the noise levels in the image backgrounds.
Figure4.
Eddy-current images of 10, 20,50, and 100-Mil-long slots .
The image and surface plot in Figure 1 represent the system response to a small, deep hole; in this case, the diameter of the hole is about 15% of the diameter of the coil, which is the active part of the probe. However, even though the hole is substantially smaller than the coil it is not the point source that is required to accurately represent the 2-D system impulse response and use with defects of arbitrary geometric shapes. In addition, as the probe coil dimensions get smaller, it becomes difficult to produce a hole that is small enough to use for a PSF approximation; a 10-mil diameter hole may be good enough for an 80-mil diameter coil, but a 20-mil diameter coil would require a 2.5-mil diameter hole for the same geometric relationship. A third method was implemented to create an improved PSF estimate from images of slots with known geometries. It is based on the assumption that the same system PSF distorts each of the slot images.
LEAST-MEAN-SQUARED ESTIMATION OF THE POINT SPREAD FUNCfiON
A set of slots of varying lengths but with constant widths and depths were imaged, as shown in Figure 4 . Synthetic images to represent each slot geometry were also generated, as shown in the surface plots of Figure 5 . From these pairs of images an optimal linear PSF estimate was formed which minimized a least-squared-error criterion taken over the set of image pairs.
Linear Model of the Point Spread Function
Although the PSF is known to be non-linear, a simplifying assumption of linearity was made. Each slot was represented by an image consisting of depths of the slot at each pixel. Pixels on the boundary of the slot were assigned interpolated values. The eddy-current image acquired from the ith slot, gi, was modeled as a convolution<~> of the corresponding slot geometry image, fi, with the system response, h: ~ = h • fi Synthetic image surface plots of two slot geometries.
Least-mean-squared Estimation
The goal is to find a PSF, h, which can be convolved with the geometry images to best approximate the acquired eddy-current images. A least-mean-squared error, e, is defined for the difference between the acquired images, gi, and the images resulting from convolution of the slot geometry images with the PSF:
Since convolution in the spatial domain transforms to multiplication in the frequency domain, this can be expressed in the frequency domain as This expression was used to find an LMS estimate of the PSF. The slot geometry and eddycurrent image pairs were transformed to the spatial frequency domain and the latter expression evaluated. The resulting H was inverse-transformed to achieve the final PSF estimate. Figure 6 shows a progressive set of PSF estimates made using first one image pair, then 2, 3, and 5 image pairs. This figure demonstrates the effectiveness of making the PSF estimate over a set of image pairs; attempting the estimate from one image pair alone results in an extremely noisy image. Adding more image pairs to the sum improves the resulting estimate. 
APPLICATION OF PSF ESTIMATES
Matched-filtering and deconvolution techniques require an accurate PSF estimate to detect and characterize defect signals. A signal with a known shape may be extracted from a noisy background using such techniques. This is demonstrated in Figure 7 . The matched-filtered result has simplified the original complicated image shape to a single peak, making it easy to threshold this image to detect the flaw.
Deconvolution and matched-filter techniques are typically based on the assumption of a linear system response. Though the eddy-current response is inherently non-linear, some success can be demonstrated with linear processing. Matched filtering provides an optimal linear detector, and can be used for flaw detection. Since the eddy-<:urrent system response is non-linear, there is not a single optimal choice of matched filter. Instead, a matched filter can be chosen which will best find a flaw with a specific orientation and size. The LMS method can be "tuned" to a specific orientation of flaw; by creating an estimate using only horizontal slots, the resulting estimate, when used as a matched filter, becomes most sensitive for detection of horizontal flaws. Figure 8 shows the image and surface plots of a 10-rnillong slot to the left. To the right are the surface plots of the hole PSF and of the LMS-created PSF. It can be seen that the shape of the LMS-estimated PSF resembles the slot more than the hole image, which demonstrates how this method tunes to a particular orientation. Figure 9 shows the matched-filtered results of using the hole PSF and the LMS-<:reated PSF to detect a 10-millong slot. The two results are similar, though the LMS estimate results in a sharper matched-filtered response, since this PSF was estimated from slots with the same orientation as the slot being detected. This method is affected by the choice of the geometry of the images it is trained on; this can be an asset, in that it permits making a detector more sensitive to a particular form of flaw. However, care must be used in the choice of the geometries in the training set. It must be realized that linear techniques such as matched filtering will not be optimal at estimating all flaws, since it is known that the eddy current PSF changes with flaw size. This is why it is appropriate to use a priori information. For example, if the flaws in a particular region are known to have a horizontal orientation, a horizontal set of slots should be used as the training set to improve flaw detection. Figure9.
Matched-filtered result using hole PSF and LMS-created PSF.
SUMMARY
An estimate of the system PSF is needed for matched filtering, for deconvolution, and to better understand the functioning of an eddy-current imaging system. Such systems are non-linear; however, a linear approximation of the PSF can be used. Three approaches for determining a linear PSF estimate were explored. The first approach takes the image of a small hole as the estimate, where the hole is much smaller than the probe diameter. Although this is a noisy estimate and it is degraded by the non-zero width of the hole, it can be used as a first approximation. A second approach is based on the results of the first one; the image of a small hole is modeled analytically to produce a smooth, noise-free estimate. This model provides insight into the nature of the system response. The third method finds the optimal linear estimate of a PSF which minimizes an LMS error function over a set of acquired image and slotgeometry image pairs. This method corrects the limitation of the former two methods in that it accounts for the finite width of the flaws being imaged. Since the system response is non-linear this linear estimate is affected by the geometry of the slots over which the estimate is formed. For example, an estimate formed over a set of horizontal slots is tuned to find horizontal slots or flaws when used as a matched filter. Thus discretion is needed when using the LMS method; the set of training images must be chosen appropriately. The estimates from the latter two methods were used in a matched filter and the results were found to be similar, with the LMxreated estimate resulting in a somewhat sharper response.
